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ABSTRACT
Buquoi III, John Quentin. M.S., Department of Chemistry, Wright State University,
2010. Exploration Using Reaction Temperature to Tailor the Degree of Order in MicroBlock Copolymer Proton Exchange Membranes.
The ability to control the self-assembly of sulfonated poly(arylene ether) sulfones
(s-PAESs) was explored by tailoring rate coefficients, via temperature, in an A2 + B2 +
B2’ Nucleophilic Aromatic Substitution (SNAr) approach.

The reactivity of various

electrophilic sites were studied and tuned, via temperature control, to elicit a range of
more ordered and disordered polymers of equivalent monomeric composition. These
polymers were characterized by 1H and 13C NMR spectroscopy and found to have highly
disordered polymer configuration at higher temperatures while having a more regular
configuration at lower temperatures.
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1 INTRODUCTION

Today’s world requires energy – and a lot of it. Unfortunately, some of the side
effects of conventional fuel sources, such as fossil fuels, are harmful pollutants,
greenhouse gasses, and a rapidly diminishing available supply. In order for mankind to
continue its ever-increasing usage of energy, current energy sources must be optimized
and alternate fuel sources must be found and implemented. One such alternative fuel
source of interest is hydrogen. As the most abundant element in the universe1, hydrogen
is available in copious amounts and, when thermally combined with oxygen naturally
present in earth’s atmosphere, has the potential to provide a large percentage of the
world’s electrical needs sans many of the negative aspects of conventional fossil fuels. In
order to extract useful electricity to conduct work from a hydrogen-oxygen chemical
reaction, a fuel cell is used. At the heart of these fuel cells is the main enabler – the
Proton Exchange Membrane (PEM).
PEMs come in three major forms:

Proton Exchange Membrane Fuel Cells

(PEMFCs), a polymer membrane which normally conducts protons through
microchannels packed with Brønsted acid groups covalently bonded to the polymer;
Solid Oxide Fuel Cells (SOFCs), which have the advantages of using alcohols as a
hydrogen fuel source and operate at high temperatures; and Molten Carbonate Fuel Cells
(MCFCs), where the electrolyte is molten carbonate.

1

This thesis deals with the

manipulation of kinetic parameters to drive the construction of ordered polymers having
real-world potential for use in Proton Exchange Membrane Fuel Cells (PEMFCs).

1.1 Fuel Cells
In 1955, while working for General Electric, Willard Thomas Grubb and Leonard
Neidrach first proposed a battery with a solid ion exchange membrane and demonstrated
the first low temperature hydrogen-oxygen fuel cell2. After developing their design for
use with the U.S. Navy Bureau of Ships and the U.S. Army Signal Corps, their PEM
technology went on to be utilized by NASA during the latter Gemini programs, V-XII,
despite technical problems and performance issues. PEMs are useful because they allow
for the separation and recombination of charge for a net energy gain through the use of
catalysts and a specialized polymer membrane which is permeable by small cationic
species.

Today, PEMs are enjoying a resurgence of attention due to the public’s

awareness of and desire for alternative sources of energy in addition to the potential for
high efficiency conversion of chemical energy into electrical energy (40-60%) versus
conventional combustion systems (less than 30%).

1.1.1 What are Proton Exchange Membranes?
The most effective PEMs are typically made from a copolymer into a film. A
large portion of the copolymer is a water-insoluble species while a smaller portion of the
copolymer is usually a strong Brønsted acid. This copolymer is conventionally known as
an ionomer. As the ionomer is cast, the acidic, ionic functional groups will be attracted
to each other – congregating as best as possible to maximize their interactions with each

2

other. Concurrently, the remaining water-insoluble portions of the polymer attempt to
maximize its interactions with itself while pushing the ionic species as far away as
covalently possible. As the differing functional species begin to separate from each other
a process known as phase separation occurs. Because significantly smaller portions of
the polymer consist of acidic groups, these groups align themselves into nanoscale
channels surrounded by the remainder of the polymer. Because the acidic groups used
usually have pKa values in the range of 0 to -12, the associated protons are loosely held
and therefore highly mobile. This allows for a flow of cationic species throughout the
channels, leading to orthogonal permeation across cast films.

Because the cationic

species is usually a proton, these ionomeric membranes are known as Proton Exchange
Membranes (PEMs).

1.1.2 How do PEMFCs work?
PEMFCs require more than just a polymer membrane with covalently bound
Brønsted acid groups. Indeed, cationic conduction implies a separation of charge, and a
buildup of opposing charges. While charges may be locally separated for short periods of
time, electrostatic forces are just too strong for ions to be separated over large distances
and time intervals. Therefore, if a flow of cations occurs in one direction, a simultaneous
flow of electrons must accompany it so that an imbalance of electrical charge does not
buildup. One remarkable aspect of typical PEMs is their inability to conduct electrons.
Were they to conduct electrons, this would effectively result in short circuiting the
electrical system and no work would be possible. Therefore, several things must be

3

present in the archetypical working fuel cell: an anode, a cathode, a PEM, a metal wire
connected to an electrical system, a fuel source, and air (Scheme 1).

Scheme 1: Pictographic representation of a typical Proton Exchange Membrane. Anode and cathode catalysts made from transition
metals dissociate diatomic hydrogen and oxygen into their respective atoms where they are oxidized and reduced, respectively. This
allows for the ionization of electrons from atomic hydrogen, and a flow of protons through the micro-channels towards the cathode,
where recombination with electrons and atomic oxygen produce the only exhaust, water.

Aside from the PEM itself, the most chemically sensitive and expensive aspects
of PEMFCs are the anode and the cathode. Typically made from the same substance, the
anode and the cathode are catalysts, without which the PEMFC would be unusable for a
typical electrical need. Examples of typical catalysts include platinum, iron, and nickel
alloys sometimes doped with non-metallic atoms such as carbon to reduce the amount of
metal needed and to increase the effective surface area. With respect to PEMFCs, the
role of the catalyst is mainly three-fold: 1) to allow for the splitting of diatomic gases
into surface-bound atoms, 2) separation (at the anode) and combination (at the cathode)
of electrons from neutral atoms and 3) facilitation of said electrons from the anode to the
cathode.

Problems associated with the catalysts are high manufacturing expense,
4

catalytic poisoning, and less than desirable catalytic activity. Transportation of electrons
is made possible by directly connecting the anode to the cathode through normal
electrical wire, typically copper, which is capable of conducting electricity for work.
There are many different sources of fuel utilized by today’s PEMFC, but the two
most common reduction fuels are methanol and hydrogen while oxygen from the
atmosphere is mostly used as the oxidizing fuel. The advantages of using methanol are
reduced permeation problems, ease of transportation, handling, storage, and cost.
Disadvantages include lower power conversions and polymer swelling, which leads to
spatially separated Brønsted acid groups unable to conduct cations. Hydrogen has the
advantage of higher energy efficiency conversions and lower material wastes and side
reactions. Conversely, hydrogen has the unfortunate side effect of permeating through
many PEMs because of its small size and neutral character, causing an overall power loss
throughout the cell. Additionally, hydrogen is much more difficult to store, transport,
and deliver.

1.1.3 Nafion©
Invented in 1969, by Walther G. Grot3, Nafion© is the trademark name for the
mostly widely used and studied PEM today. Essentially an ionomer with a Teflon©
backbone structure and pendant superacidic, sulfonic acid groups, Nafion© is formally
named

tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic

acid

copolymer (Figure 1) and is synthesized via chain-growth, free radical, methods4.
Nafion© fulfills many of the requirements for modern PEMs: low swelling, high proton

5

conductivity, and REDOX-resistance. Nafion© is the industrial standard by which all
other PEMs are compared.
F2
C

F2
C

x

F
C
O

F2
C
C
F2

y

F2
F
C O C
CF3
z

F2
C

O
S OH
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Figure 1: Chemical structure of Nafion©.

PEMs are often judged by several criteria, the first of which is usually its
Equivalent Weight (EW, grams per equivalent mole) and/or its Ion Exchange Capacity
(IEC, milliequivalent moles per gram).

EW and IEC values are mathematical

representations of the polymer’s potential to convey cations across the membrane and are
interrelated to each other via simple mathematical representations whereby the polymer
repeat unit’s molecular weight is proportional to the inverse of the molecular weight of
the Brønsted acid groups present in that unit (Equations 1 & 2). For example, the most
common version of Nafion© studied is known as Nafion 117©. Its repeat unit molecular
weight divided by the moles of sulfonic acid groups present throughout that repeat results
in an EW of 1100 g/eq, while taking the inverse value and multiplying by a thousand
results in an IEC of 0.91 meq/g.

EW (g /eq) =

MW repeat _ unit (g /mol)
molesacid _ group (mol /eq)

IEC(meq /g) =

!

(Equation 1)

1
" 1000
EW

(Equation 2)

Because the waste product of PEMs is water, polymer swelling is also one of the

!

criteria used to determine a polymer’s potential use as a PEM. This value is simply the
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percentage of water absorbed by the polymer at room temperature (Equation 3). Again,
using Nafion 117© as an example, its water uptake is in the range of 10% water by mass5.
While a certain amount of water absorption is necessary in order to facilitate conduction
of protons, too much water uptake can cause the polymer to dramatically increase in size.
This increase in size has the negative side effect of warping the fuel cell itself by pushing
apart the physical construct and possibly damaging the structure; and more importantly,
swelling causes the acidic groups to spread further apart, which sharply reduces their
ability to conduct cations.
Related to water uptake is the ability of the polymer to hold on to water in order
to maintain an appropriate amount of water (usually 1-20 water molecules per sulfonic
acid group) for conduction to take place. Because water evaporates at 100 °C, effective
PEMs must maintain a minimum water content above 120 °C in order to reduce catalytic
poisoning6. Unfortunately, Nafion’s© ability to maintain the minimum water content
required is severely reduced at temperatures above 80 °C.

# Weight " Weight &
wet
dry
(( ) 100
Water _Uptake(%) = %%
Weight dry
$
'

(Equation 3)

There are many other aspects of PEMs measured, but that which will ultimately

!

drive their usage is economics. If PEMFC technology is to be a successful alternative
energy source, it must be cheap to synthesize, process, and implement. Because Nafion©
contains a highly fluorinated superstructure, it is expensive to produce.

However,

because manufacturing capability increases with time, these costs are expected to
decrease, eventually reaching a point where the technology becomes economically
competitive with the usual carbon-based sources7.

7

1.2 Polymers
Polymers are formed from a series of monomer units that are covalently bonded
to each other throughout the course of a chemical reaction. These units continue to
increase in size and molecular weight as the reaction proceeds and their properties change
in accordance. While not initially well understood to be polymers, the first polymers
utilized were natural products such as wool, cotton, rubber, etc.8 The term polymer was
first utilized by Jons Jakob Berzelius in 18339 and is derived from two Greek words:
“poly”, meaning many and “meros”, meaning parts. There are many types of polymers,
the major types are: homopolymers, copolymers, linear polymers, dendritic polymers,
and hyperbranched polymers.

1.2.1 Homopolymers
Homopolymers are simply polymers that consist of the same repeat monomer
units covalently bonded together – each monomer unit is chemically identical to its
neighbors. These polymers may be formed in a variety of ways – usually through chaingrowth mechanisms such as free radical, anionic, and cationic to name a few.
There are four important steps10 associated with chain-growth polymerization.
First, there is initiation, where the reactive species is initially formed. Second, monomers
loiter in solution until coming into contact with a reactive polymer end group through a
process known as propagation. Third, because of the highly reactive nature of the
species above, there exists the possibility for side reactions to occur. Known as a chain
transfer; these steps serve to redistribute the reactive site throughout the polymer.
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Finally, the chain-growth polymerization goes through a process known as termination.
This step signifies the end of the polymerization, as there are no reactive sites remaining.
As an example, probably the most studied homopolymer today is polystyrene.
First discovered by Eduard Simon in 1939, polystyrene is a homopolymer constructed
from the monomer styrene. As the styrene monomers combine, the length of the polymer
chain increases. In a typical free radical reaction, the free radical active group propagates
to the end of the polymer, allowing for the addition of a new monomer of styrene, thus
increasing the size of the polymer and redistributing the radical electron, across the
vinylic bond, to the active end (Scheme 2).

X

+
Ph

(initiation)

X

+
Ph

Ph

(propagation)

X
Ph

Ph
n

Scheme 2: An example of the chain-growth polymerization of polystyrene. Note how each monomer, excluding the initiator “X”, is
identical thus giving rise to a homopolymer with n-number of repeat units of styrene.

1.2.2 Copolymers
While homopolymers represent the minority of synthesizable polymers,
copolymers represent the vast majority.

Here, polymers are synthesized from

combinations of multiple, differing monomers. In addition to syntheses by the chaingrowth mechanisms mentioned above, many copolymers may also be constructed via
step-growth, polycondensation mechanisms.
Step-growth mechanisms usually result in the expulsion of small, neutral byproducts as new covalent bonds are formed between monomer units.

Step-growth

mechanisms require differing functional groups to exhibit exclusive reactivity toward
other functional groups, preventing them from reacting with themselves. Unlike chain9

growth mechanisms, where monomers remain present throughout the polymerization
process, step-growth monomers are consumed quite early (Table 1).

Table 1: Comparison chart between Chain-growth and Step-growth polymerization.

The simplest system representative of this process is the copolymerization of A2
and B2 monomer units. As one molecule A2 reacts with another molecule B2, a new
dimer is formed – represented by A-A-B-B. Next, A-A-B-B dimers will continue to react
with other dimers to form tetramers, which then react with other species to form
oligomers, and so on. This polymerization process continues until all reactive functional
groups are consumed or until intentionally quenched.
As an instructive example, the step-growth polymerization of terephthalic acid
with ethylene glycol to form poly(ethylene terephthalate) (Scheme 3) provides a clear
example of two unique monomers reacting with each other to form larger oligomers
which continue the process.
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Scheme 3: Step-growth polymerization of poly(ethylene terephthalate). Of interest is the small, neutral molecule of water ejected as
the copolymerization proceeds. Also, note that there are two distinct monomer units required for this polymerization to occur.

1.2.3 Linear Polymers
Simply put, linear polymers are polymers that continue polymerization growth
along a specific atomic backbone structure. Oftentimes, this allows for a certain degree
of variety as the monomer units assemble. Because chain-growth polymerization usually
occurs through one of two potential sites, there exists the possibility of differential
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monomer assembly – that is, the monomers may assemble exclusively in a head-to-tail or
a head-to-head manner to produce a highly regular configuration, or some combination of
both to produce a less regular configuration. This simple, differential configuration has a
profound effect upon the physical properties of isomeric polymers.

For example,

Malanga and Vogl11 demonstrated that the crystalline melting temperature (Tm) of headto-head poly(isobutylene) was 187 °C and the glass transition temperature (Tg) was 87 °C
while that of head-to-tail poly(isobutylene) was 5 °C and -61 °C, for Tm and Tg
respectively. Thus, two polymers made from the same monomer units, but geometric
isomers of each other, possess vastly different melting points.

Additionally, linear

polymers may also have long or short pendant chains protruding from the polymer
backbone.
Finally, linear copolymers exhibit a great deal of variety by the order in which the
individual monomers are assembled.

Block copolymers, designated -block-, are

indicative of a long chain of monomer A followed by another long chain of monomer B,
such as: …-A-A-A-A-B-B-B-B-… Alternating copolymers, designated -alt-, are present
when monomers form a regular, alternating pattern throughout the polymerization
process: …-A-B-A-B-A-B-A-B-… Random polymers are typically named when the
order of monomer assembly is unable to be determined and statistical polymers are
usually named when there is a statistical probability associated with finding a certain
monomer in a specific location along the chain. These polymers are designated as -randand -stat-, respectively.
One of the most important facts regarding linear polymers is that they tend to
have the best physical properties. Because linear polymer chains are better able to
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entangle with each other to a much greater degree than their dendritic and hyperbranched
cousins, this gives rise to improved polymer cohesion and ultimately this is expressed as
some physical property such as tensile strength or flexibility8. Unfortunately, this also
leads to poor processability due to high viscosities.
The Critical Point of Entanglement, designated as Mc, is found by plotting the
intrinsic or inherit viscosity (!inh) of a polymer (solution or melt) versus the number
average molecular weight (Mn). Typically, there are two slopes portrayed. At low
viscosity and low molecular weight, there is a continuous, but shallow rise in one
alongside the other. However, at some critical point, the relationship between viscosity
and molecular weight drastically increases (Figure 2, Section 1.2.5). It is at this point,
where both lines intersect, that the polymer truly becomes entangled, and where said
entanglements begin to play a larger role in the physical properties of the respective
polymer10,12.

1.2.4 Dendritic Polymers
If linear polymers represent one end of the polymeric spectrum, dendrimers
represent the opposing end13. Perfect dendrimers fork at all available locations; therefore,
there exists no specific backbone along which the polymer grows – it continues in all
possible directions equally.

While linear polymers typically have the best physical

properties, dendritic polymers often have the worst because of their inability to entangle
with each other; however, this leads to an ease of processability due to low viscosity.
Almost exclusively developed through step-growth polymerization procedures,
dendritic monomer units are often multi-functionalized homomonomers with groups
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tailored to react exclusively with each other under specific conditions. What is unique to
a dendrimer are the two major ways in which they are constructed: the divergent method
and the convergent method. Both methods require a core monomer, a monofunctionalized unit containing several active sites designed as the centerpiece for the
dendrimer.
The divergent method8 takes a “bottom’s-up” approach – starting from the
monomer core unit and building outward as polymerization occurs. In this procedure,
dendrimer cores must fulfill two major requirements: they must be present initially, and
they must be more reactive than the other monomer units must. If not present in the
initial reaction solution, there would be no “seed” for the dendritic monomer units to
grow from and if the core is less reactive than the surrounding monomers, it is less likely
to participate in the polymerization process and there will be no centerpiece to tie the
branched oligomers and polymers together.
Problems associated with construction of perfectly divergent dendrimers are
mostly related to steric hindrance.

As the dendrimer grows outward, the reactive

functional groups must be pushed closer and closer as they compete for available space.
Because most reactions require close proximity of the reactants as well as appropriate
spatial orientation, steric hindrance begins to retard polymerization as the dendrimer
grows. Additionally, because of steric effects, it is necessary to protect and de-protect
endgroups many times throughout this process in order to ensure consistent and even
growth. This is usually a very timely, and costly process. Finally, synthesis of multifunctional monomers tends to be much more expensive than their mono-functional
counterparts. As an example below (Scheme 4), assume that there exists a functional
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group “A” which may only react with a differing functional group “B”. An example of a
core unit would be A3, and an example of the remaining monomer units would be BA2.

Scheme 4: Divergent propagation of a generic dendrimer. The core species reacts first and the remaining monomers continue to
polymerize in an outward manner.

Conversely, convergent construction of dendrimers takes a “top-down” approach
to dendrimer formation14. Utilizing this method, the branched slices are usually grown
initially, and then, at the end of the polymerization, tied together by the addition of core
molecules. Unlike the divergent methods, core units are unwanted initially, and must be
added later – requiring additional steps during synthesis.
As with the divergent method, the convergent method also requires a multi-step
process of protection/de-protection in order to ensure identical branched slices used in the
construction of perfectly dendritic polymers. Although steric considerations are less of a
concern during the construction of the branched slices, they again play a large role during
the last stage – tying together all of the slices with the dendritic core. Usually, monomers
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that may be used in the divergent construction of dendrimers may also be used in the
convergent construction (Scheme 5).

Scheme 5: Example of the convergent method to construct dendrimers. Initially, there is formation of many slices, which are then
coupled with core monomers to form the final dendrimer.

1.2.5 Hyperbranched Polymers
The physical properties of hyperbranched polymers lie somewhere between those
of the linear and dendritic polymers. Ironically, hyperbranched polymers are simply nonperfectly branched dendritic slices, and are therefore a less-branched species of similar
dendrimers. These polymers enjoy the benefits of both worlds – having similar physical
properties to their linear analogs while being easier to process much like dendrimers.
However, hyperbranched polymers have poorer physical properties than linear systems
and higher viscosity values than dendrimers. Of high interest, is the ability to tune the
degree of branching in polymers to obtain desirable physical and viscoelastic properties12.
Oftentimes, hyperbranched polymers can be synthesized by combining differing
ratios of monomers used in the construction of linear polymers and dendritic polymers.
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These various ratios lead to stoichiometrically branching, that is branching appropriately
spaced apart due by linear sections of defined length (Scheme 6).

Scheme 6: Generic example of hyperbranched copolymerization.

Looking below, one can see the dependence of viscosity on the number average
molecular weight, Figure 2, and the relationship between physical properties and the
degree of branching, Figure 3.

Figure 2: A graphical representation of the relationship between viscosity and molecular weight.
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Figure 3: A representation of the relationship between the degree of branching of a polymer and its physical properties.

1.3 Poly(Arylene Ether)s
Poly(arylene ether)s (PAEs) are, most notably, represented by poly(arylene ether)
sulfones (PAESs) and poly(arylene ether) ketones (PAEKs). First discovered in 1965 by
Union Carbide, one of the oldest chemical companies in the United States and subsidiary
of Dow Chemical, PAESs represent a respectable niche in today’s thermoplastic arena.
Relative to currently available thermoplastics, PAESs have a very high operating
temperature where they are able to maintain their physical properties. Usable operating
temperatures range from -100 °C to over 150 °C, and they are often utilized as flameretardants. As a polymer membrane for filtration media, applications include wastewater
recovery, hemodialysis, and gas separation. A few years later, PAEK polymers appeared.
Successfully synthesized in typical solvents such as sulfolane, PAEK was synthesized by
the step-growth polymerization of hydroquinone and bis-(4-fluorophenyl)sulfone by
Attwood and coworkers while at Imperial Chemical Industries Ltd.15 in the early 1980s.
Common names of popular poly(arylene ether)s include: Victrex©, used as metal
replacement for low-friction applications; Carilon©, used in electrical engineering
18

applications; Astrel©, for use in plastic tubing; and Udel©, for use as artificial heart
valves.

Because PAEs exhibit excellent properties, boasting high tensile strength,

excellent thermal stability, and a strong resistance against oxidation and hydrolysis, they
are very promising as an alternative class of polymers with potential use in PEMFCs.

1.3.1 How are PAEs Synthesized?
Although there are several ways to synthesize this class of compound, the most
successful is that of Nucleophilic Aromatic Substitution (SNAr). Requiring a certain
degree of activation, a nulceophile attacks an electrophilic site located on an aromatic
ring such as benzene, and through formation of the Meisenheimer complex, allows for
ejection of the leaving group (Scheme 7). The intermediate complex, named after Jakob
Meisenheimer’s 1902 paper17 concerning reactions between trinitroanisole and sodium
methoxide, and the acidification of said product, shows a ring structure with a negative
charge dispersed throughout and stabilized by multiple electron withdrawing groups.
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H
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Scheme 7: Originally proposed structure of a Meisenheimer complex, far right. R = -H/-OCH3, R’ = -CH3/-CH2CH3, M = K/Na.

With respect to polycondensation chemistry, typical leaving groups are halogens,
especially fluorine, located at electropositive sites usually para to a strongly electron
withdrawing group such as a sulfone or ketone. Phenols are often chosen to act as
nucleophiles, due to the formation of strong aryl ether linkages. There is much research4
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to support that the formation of the Meisenheimer complex is the rate-determining step in
a typical second order SNAr reaction. Once the Meisenheimer complex has been formed,
electron density shifts back towards the original site of attack and there exists the
possibility that either the original phenolic species or the halogen species will be ejected
as the leaving group. By convention, this step is represented as reversible, except when
the leaving group is the halogen.
Because monomer units typically possess two or more functional groups, this
process continues until polymerization is terminated. A generic scheme (Scheme 8) has
been produced to show the proposed second order mechanism concerning SNAr for
PAEs.
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Scheme 8: Generic example of the proposed mechanism of Nucleophilic Aromatic Substitution (SNAr) through the Meisenheimer
transition state for a PAE. It should be noticed that the second step is the rate-determining step in this type of reaction. Ar = aryl.

Finally, solvents play an important role in the construction of PAEs. Because the
rate-determining step is the formation of the Meisenheimer complex, and because the
transition state and intermediate are ionic in nature, polar solvents such as N-methyl-
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pyrrolidone (NMP), dimethyl sulfoxide (DMSO), and sulfolane are often chosen. Able to
solvate the reactive species, these organic solvents are polar enough to promote the
formation of the activated complex – helping to drive the reaction towards the polymer
product. Additionally, these solvents are carefully chosen because of their high boiling
points, which help to maintain polymer solubility once it reaches high molecular weights.

1.3.2 Sulfonated Poly(Arylene Ether)s versus Nafion
There are several reviews available throughout the literature, citing well over 200
research papers, concerning the replacement of Nafion© with sulfonated PAEs (sPAEs)4,18,19. The two main reasons to consider s-PAEs versus Nafion© are cost and
thermal stability. Specific numbers are difficult to find for the highly fluorinated nature
of Nafion©, but costs appear to be around $3/g20, while typical PAEs costs are around
$0.20/g21,22. Additionally, although both polymers utilize fluorine (a costly atom), it is
possible to replace its usage with chlorine for PAEs, thus lowering it’s cost even more. If
PEMFCs could adequately implement s-PAEs to replace Nafion©, it would mark a
significant reduction in the manufacturing cost.
Secondly, the ability of the membrane to maintain function is more likely with sPAEs at high temperatures. High temperatures (>120 °C) are needed for two specific
reasons: increased energy efficiency and the prevention of catalytic fouling4,7. Nafion’s©
glass transition temperature (Tg) sits around 99 °C when hydrated23 whereas the Tg of
most PAEs lie in the 150-250 °C24,25. Because PAEs have a higher Tg, they are better
able to maintain their physical integrity at higher operating temperatures, potentially
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leading to overall better performance. These two reasons alone make s-PAEs a highly
attractive alternative to Nafion© for use in PEMFCs.

1.4 Kinetics
The area of chemical kinetics is, simply put, the study of the rates and
mechanisms of chemical reactions.

Convention measures this as a change in the

concentration of the species involved over time26,27. From kinetic data, it is possible to
determine activation energies (Ea), Gibbs free energies values ("G), enthalpies ("H),
entropies ("S), the influence of catalysts, and infer reaction mechanisms.

Often

synonymous with chemical mechanisms, the area of kinetics allows the chemist to better
understand his or her chemical system and how individual, or collective, species interact
with each other and in what manner control may be exerted to elicit desired products.

1.4.1 How Reactions Occur in Solution
As drawn, mechanisms represent a series of elementary steps by which reactants
undergo transformation into products in their respective solution media. The summation
of all elementary steps involved is known as the net chemical reaction. Elementary steps
are considered “single collision events”28 and are denoted by the number of species
involved: unimolecular, for a single reactant species; bimolecular, for a pair of reactant
species; and termolecular, for steps requiring three reactive species.

Unimolecular

events are best exemplified by radioactive decay systems and termolecular events by
extremely high-pressure systems.

However, as is often the case, many polymer

propagation mechanisms are determined to follow bimolecular steps.
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Chemical collisions occur when the appropriate number of particles encounter
each other and interact. In order for a successful reaction to occur, the reactants must
have the appropriate geometry, speed, energy, and most importantly – proximity.
Geometry, speed, and energy are usually measured as temperature, while proximity is
measured as concentration.

It should come as no surprise then, that these two

measurements play a tremendous role in the area of chemical kinetics applied throughout
analytical chemistry.

1.4.2 Rate Laws, Reaction Orders, and Rate Coefficients
A rate law is a mathematical equation proportional to the change in concentration
of a chemical species versus time26,27. For the classic elementary reaction example:
aA

+

bB

k

cC

+

dD

(Equation 4)

where a, b, c, and d represent the stoichiometry of species A reacting with species B to
produce species C and D. The rate law of Equation 4 is represented as:

Rate =

"1 d[A] "1 d[B] 1 d[C] 1 d[D]
#
= #
= #
= #
= k[A]x [B]y
a dt
b dt
c dt
d dt

(Equation 5)

Here, k represents a constant known as the rate coefficient while x and y are the

!

exponential components, relative to their respective species, known as the reaction order.
Equation 5 is a quantitative expression of the speed of the reaction of the predominant
reactive species and, though it is quite simple, represents many simple bimolecular
reactions including those studied for this thesis.
Reaction orders are often, but not always, whole numbers, such as 0, 1, and 2,
which denote whether the reaction with respect to a species is 0th, 1st, or 2nd order.
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Mathematically speaking, reaction orders are expressed as the change in the log of the
rate versus the change in the log of the concentration of a species i (Equation 6).

orderi =

" log(rate)
" log(conc i )

(Equation 6)

The summation of the reaction orders for all species involved gives the overall rate order

!

of the reaction.
Rate coefficients, also known as rate constants, are the measure by which the
proportionality of the concentrations is balanced against the consumption or production
of a species over time. Rate coefficients are temperature-dependent values whose units
are determined by the overall reaction order. Svante August Arrhenius first proposed that
these coefficients were related to temperature by his now-famous equation27
"E a

(Equation 7)

k = Ae RT

where k continues to represent the rate coefficient, A the frequency factor, Ea the

!

activation energy, R is the ideal gas constant, and T represents the temperature.
There are many variables which contribute to rate law deviations.

Because

concentration is of paramount importance, reagent purity is equally important. Any
deviation in mass will lead to a deviation in molar concentration – directly affecting the
rate law. Temperature regulation also plays a prominent role because the rate coefficients
are temperature-dependent.

Therefore, any deviation in temperature would see an

exponential deviation in the coefficient values. Deviations in pressure may also lead to
inconsistent results, especially in the gas phase. Although effects in the solid and liquid
phases are usually minimal, pressure often equates with concentration with respect to
gaseous reactions. There are many other factors that affect kinetic data, and it is highly
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important that the kineticist remain aware and vigilant in order to produce consistent
results.

1.4.3 Second-Order Derivation
Because Nucleophilic Aromatic Substitution (SNAr) chemistry occurs via secondorder kinetics4,18,19 only its derivation will be performed below. Assuming that a secondorder reaction proceeds much like that of Equation 4, where all molar concentrations are
taken as equal, the rate law may be written as:

Rateequation 4 = "

d[A]
= k[A][B]
dt

(Equation 8)

Because molar concentrations are assumed to be equivalent, the concentration of reactant

!

A is equal to that of reactant B, therefore

Rateequation 4 = "

d[A]
= k[A]2
dt

(Equation 9)

and rearrangement of Equation 9 leads to

!

d[A]
= "k# dt
[A]2

(Equation 10)

Integrating between initial concentration of A, [A]0, at time zero, and a future

!

concentration of A, [A]t at some future time t, one gets
[A ]t

t
d[A]
# 2 = "k # dt
[A ]0 [A]
0

(Equation 11)

and performing the integration results in the integrated rate law found in Equation 12
!

1
1
"
= kt
[A]t [A]0

(Equation 12)

One more rearrangement puts Equation 12 in the form of the linear equation y = mx + b:

!
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1
1
= kt +
[A]t
[A]0

(Equation 13)

Finally, a plot of 1/[A]t versus time, t, would result in a linear data set with a slope equal

!

to the rate coefficient, k.

1.4.4 Copolymer Kinetics
The kinetics concerning copolymers are not too different from those concerning
typical small molecules. However, there are some assumptions that must be made29.
First, the most important assumption is that, overall, the rate coefficients of
macromolecules remain consistent regardless of molecular weight. This principle allows
the kineticist the luxury of having a non-variable rate coefficient, and thus greatly reduces
the complexity of the mathematical problem. However, it is not just wishful thinking that
allows one to make this assumption. This assumption was first shown to be valid in 1925
by Bhide and Sudborough30. Taking a look at the rate coefficients of 46 different
carboxylic acids, all with differing molecular weights, they were able to show that other
than some minor deviations at the lower weights, the rate coefficients associated with
esterification reactions concerning ethanol did not change as the molecules continued to
increase in size (Table 2). Proof continued to be established by Paul Flory in his famous
1953 book titled Principles of Polymer Chemistry (Figure 4)29 and Ueberreiter & Engel
in 197731.
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Table 2: Bhide and Sudborough’s relationship between rate coefficient and molecular weight.

Figure 4: Flory’s 1950’s data reflecting rate coefficients relative to the degree of polymerization. Reprinted from Paul J. Flory:
Principles of Polymer Chemistry. Copyright © 1953 Cornell University and Copyright © 1981 Paul J. Flory. Used by permission of
the publisher, Cornell University Press.

The second kinetic assumption often cited is that viscosity concerns related to
increasing chain length have minor effects on free monomers because the smaller
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monomers rapidly diffuse towards the ends of the polymer chain. The third, and final
assumption is that collisions, both successful and unsuccessful, occur more frequently as
the polymer size increases due to decreased freedom of motion for both polymer and
monomer – in other words species tend to loiter around each other for greater periods of
time.
With respect to second-order rate kinetics, polymer growth was related to the rate
coefficient by way of Wallace Hume Carothers in the 1930’s32,10. His equation, known as
the Carothers equation, takes on several forms, the most useful being the special case,
second-order relationship of step-growth polymerization:

1
= k[A]0 t +1
1" p

(Equation 14)

Equation 14 introduces another variable, the fractional conversion of end groups, p. p is

!

related to the number average degree of polymerization, X n or DP, and the concentration
of the functional groups, [A], of the polymer by

!

1
[A]0
=
= Xn
1 " p [A]

(Equation 15)

One is able to show the relationship between the degree of polymerization and the

!

number average molecular weight, M n , as
Mn =

"N M
"M
i

i

i

= (X n # M repeat _ unit ) + M end _ groups
!

(Equation 16)

where Ni is the number of species i, Mi is the mass of species i, Mrepeat_unit is the average
!

repeat unit molecular weight and Mend_groups is the mass of the terminal end groups after
polycondensation. Using linear Equation 14, a plot of 1/1-p versus time should result in
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a linear data set with the slope equal to the rate coefficient times the initial concentration
of the functional groups.
As an example, below (Table 3), a table has been constructed demonstrating the
relationship between the degree of polymerization and molecular weight.

If the

polycondensation repeat unit has a molar mass of 324 Da, with end groups weighing 20
Da, over 97.5% of the end groups will have needed to react with each other just to form
low weight polymers. From the equations above and the example below, one should take
away that extremely high conversions, over large periods of time, are required to produce
polymers with large molecular weights (>99% conversions).

Table 3: An example portraying the relationship between percent conversion and number average molecular weight for a generic
polycondensation reaction.

1.4.5 Copolymer Reactivity Ratios
In 1944, Frank R. Mayo and Frederick M. Lewis came up with the concept of
reactivity ratios33. Reactivity ratios are a mathematical expression, which operates as a
predictive tool to determine the chemical composition of polymers grown from chaingrowth, copolymer systems.
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In these systems, there are four basic reactions that occur (Scheme 9) – each with
a specific rate coefficient related to one of the elementary reactions. These four rate
coefficients are then ordered into two ratios. These ratios are known as the reactivity
ratios and are quite useful to a chemist concerned with the composition and exact
structure of the copolymer he or she may be building because they are defined as the
degree of homopolymerization divided by the degree of copolymerization (Equations 17
& 18).
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Scheme 9: A series of the four reactions possible during chain-growth copolymerization.

r1 "

k11
k12

(Equation 17)

r2 "

k22
k21

(Equation 18)

!

In order to simplify the above system, one assumption is generally made: a

!

polymer with endgroup M1 is just as reactive toward free monomer M2 as a polymer with
endgroup M2 is towards free monomer M1. This is known as the steady state assumption,
and is described via Equation 19 below. Using the rate coefficients above and the steady
state assumption, a copolymer equation describing the change in the concentrations of the
monomers present in solution may be defined as the Mayo-Lewis Equation (Equation
20).
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!

k12 [! M1 •][M 2 ] = k 21[! M 2 •][M1 ]

(Equation 19)

d[M1 ] [M1 ](r1[! M1 •] + [! M 2 •]
=
d[M 2 ] [M 2 ]([! M1 •] + r2 [! M 2 •]

(Equation 20)

Copolymer composition is defined by how the reactivity ratios relate to each

!

other. If r1 ҫ r2 ҫ 0, then a perfectly alternating copolymer will form because total
copolymerization is the preferred method by which that system would propagate. If a
second scenario exists where r1 = r2 = 1, then the copolymerization process is just as
likely to proceed via homopolymerization as it is by copolymerization. Since there is an
equal probability of either occurring, the system propagates in a random fashion. If r1 ҫ
r2 >> 1, then homopolymerization is the preferred method and only homopolymers will
be formed. Finally, if r1 = r2 > 1, but not too large, then block copolymers will form.
Reactivity ratios provide an excellent predictive tool for determining how a
copolymerization system will propagate.
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2 EXPERIMENTAL

Unless otherwise denoted, all experiments detailed below were performed under
an argon atmosphere and all liquid transfers were done via syringes. All 1H and

13

C

NMR spectra were produced on a Bruker AVANCE 300 MHz NMR operating at 300 and
75.5 MHz, respectively and samples were dissolved in deuterated dimethyl sulfoxide
(DMSO-d6).

Gel Permeation Chromatography (GPC) data were collected with a

Viscotek Model 300 TDA GPC, operating at 70 °C, equipped with the following
capabilities: refractive index, light scattering, and viscosity detectors. Two Polymer
Laboratories 5 µm PL gel mixed C columns were installed along with a
Thermoseparation model P1000 pump operating at 0.80 mL/min with NMP (0.5% LiBr)
as the eluent.

Thermal Gravimetric Analysis (TGA) and Differential Scanning

Calorimetry (DSC) data were obtained on TA Instruments TGA Q500 and DSC Q200,
respectively, with a heating rate of 20 °C/min.
NMP was purchased from Sigma Aldrich and was distilled from CaH2 under a
nitrogen atmosphere prior to use. Deuterated dimethyl sulfoxide (DMSO-d6), methanol
(MeOH), isopropanol, and reagent-grade anhydrous potassium carbonate powder
(K2CO3) were used as received from Sigma Aldrich. Ethanol (EtOH), hydrochloric acid
(HCl), hydrobromic acid (HBr), and glacial acetic acid (AcOH) were used as received
from Pharmco-Aaper.

ACS-certified acetone, dimethyl sulfoxide (DMSO), sodium
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bicarbonate (NaHCO3), magnesium sulfate (MgSO4) and solid sodium hydroxide
(NaOH) were used as received from Fischer Scientific. Non-iodized Morton salt was
purchased from a local retailer and used as received. 4,4’-Difluorodiphenylsulfone, 1,
hydroquinone, 2, and bisphenol-A, 3, were purchased from Sigma Aldrich and
recrystallized from hexanes, ethanol/toluene, and ethanol/water, respectively, followed by
drying in vacuo prior to use. 3-Methoxyphenol was purchased from Sigma Aldrich and
was purified by vacuum distillation.

2.1 Synthesis of 3,3’-Disodiumsulfonate-4,4-Difluorodiphenyl Sulfone, 4
Following literature procedures34,35, to a 250-mL round-bottomed flask equipped
with a Teflon© magnetic stir bar, reflux condenser and argon inlet were added 9.5 g (37.2
mmol, 1 eq.) of 4,4’-difluorodiphenylsulfone, 1, and 20.5 mL of 26% (SO3) fuming
sulfuric acid (128.2 mmol, 3.5 eq.). The flask was then immersed into an oil bath, which
was preheated to 100 °C, and the mixture was allowed to stir for 20 hours. While
initially clear, the solution turned a dark brown color after 10 minutes. The contents were
slowly added to 800 mL of deionized (DI) H2O, followed by the addition of 200 g of
Morton salt. A cloudy precipitate formed and was isolated by filtration to afford the
crude product (off-white in color). The crude solids were dissolved into an additional
800 mL of DI H2O, and the resulting mixture was cooled to 0 °C. The solution was
titrated with 0.6 M NaOH slowly until a pH of 7 was attained at which point the product
was salted out with 200 g of Morton salt, using 6 M solutions of NaOH and HCl to
maintain a pH of 7. The resulting precipitate was isolated and recrystallized from a 9:1
solution of isopropanol:H2O to afford 14.8 g of 3,3’-disodiumsulfonate-4,4-
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difluorodiphenyl sulfone, 4, (82.2%) as a white solid. 1H NMR (300 MHz, DMSO-d6)
!: 7.4 (t, ArCH), 7.9 (m, ArCH), 8.2 (dd, ArCH).
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C NMR (300 MHz, DMSO-d6) !:

118.3 (d, ArCH), 128.2 (d, ArCH), 130.9 (d, ArCH), 135.9 (d, ArCSO2), 136.4 (d,
ArCSO3), 159-163 (d, ArCF).
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O
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SO3
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1. H2SO4
2. NaOH

NaO3S

O
S
O

F
SO3Na

(4)

Scheme 10: Sulfonation of 3,3’-disodiumsulfonate-4,4’-difluorodiphenylsulfone.

2.2 Synthesis of bis-[4(p-methoxyphenoxy)phenyl] sulfone, 5
Several literature procedures16,36,37,38,39 were used for guidance. To a 100-mL
round-bottomed flask equipped with a Teflon© stir bar, a Dean-Stark trap, a reflux
condenser, and argon inlet were added 5.5 g (44.1 mmol, 2.3 eq.) of 3-methoxyphenol
followed by 6.0 g (43.5 mmol, 2.2 eq.) of K2CO3, 5.0 g (19.6 mmol, 1.0 eq.) of 1, 30 mL
of dry NMP, and 30 mL of toluene. The flask was then immersed into an oil bath which
was preheated to 140 °C, and the reaction mixture was allowed to stir for 1 hour –
solution was completely brown in color. Dean-Stark trap was then emptied and reaction
temperature was raised to 180 °C, and the reaction mixture was allowed to stir for 3
hours. After cooling to room temperature, 200 mL of chloroform was added and the
resulting mixture was washed with 10% (by volume) HCl, saturated NaHCO3, and then
with DI H2O.

The organic layer was dried by the addition of MgSO4 and then

concentrated by rotary evaporation.

In order to remove any remaining NMP, the

resulting viscous oil was triturated with an additional 100 mL of DI H2O, filtered and
then dissolved into chloroform. The solvent was removed via rotary evaporation and the
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resulting solids were recrystallized from 50:50 ethanol:H2O to afford 7.8 g of bis-[4(pmethoxyphenoxy)phenyl] sulfone, 5, (86.3%) as a white crystalline solid, mp 118.3 –
118.9 °C. 1H NMR (300 MHz, DMSO-d6) !: 3.7 (s, CH3), 6.8-7.1 (m, ArCH), 7.8 (d,
ArCH).
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C NMR (300 MHz, DMSO-d6) !: 55.5 (s, CH3), 115.3 (s, ArCH), 116.9 (s,

ArCH), 121.8 (s, ArCH), 129.7 (s, ArCH), 134.6 (s, ArCSO2), 147.4 (s, ArCOAr), 156.7
(s, ArCOCH3), 162.3 (s, ArCOAr).
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F

O
S
O
(1)
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F
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Toluene
H3CO

O

O
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O
(5)

O

OCH3

Scheme 11: Formation of protected monomer 5.

2.3 Synthesis of bis-[4(p-hydroxyphenoxy)phenyl] sulfone, 6
To a 100-mL round-bottomed flask equipped with Teflon© stir bar, reflux
condenser and argon inlet, were added 7.0 g (15.1 mmol) of 5, 23 mL (203.3 mmol) of
48% HBr, and 40 mL of AcOH. The flask was immersed into an oil bath preheated to
120 °C and mixture was allowed to stir 3 days at which point 125 mL of DI H2O was
slowly added until solution turned turbid. The turbid solution was allowed to cool to
room temperature – at which point, crystals began to precipitate and were isolated by
vacuum filtration and dried via rotary evaporation to afford 5.1 g of bis-[4(p-hydroxy
phenoxy)phenyl] sulfone, 6, (77.9%) as a yellowish product, mp 190.2 – 191.0 °C. 1H
NMR (300 MHz, DMSO-d6) !: 6.8 (d, ArCH), 6.9 (d, ArCH), 7.0 (d, ArCH), 7.8 (d,
ArCH).
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C NMR (300 MHz, DMSO-d6) !: 116.5 (s, ArCH), 116.7 (s, ArCH), 121.8 (s,
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ArCH), 129.6 (s, ArCH), 134.5 (s, ArCSO2), 146.0 (s, ArCOAr), 154.8 (s, ArCOH),
162.5 (s, ArCOAr).
H3CO
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O
S
O
(5)

O

OCH3

HBr
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O
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O

OH

Scheme 12: Deprotection of 5 to form bis-[4(para-hydroxyphenoxy)phenyl] sulfone, 6.

2.4 Synthesis of bis-[4(p-methoxyphenoxy)phenyl] ketone, 7
To a 100-mL round-bottomed flask equipped with a Teflon© stir bar, Dean-Stark
trap, reflux condenser, and argon inlet were added 4.3 g (19.6 mmol, 1 eq.) of 4,4’difluoro benzophenone, 5.4 g (43.4 mmol, 2.2 eq.) of p-methoxy phenol, 7.2 g (52.4
mmol, 2.7 eq.) of K2CO3, 30 mL of dry NMP, and 30 mL of toluene. The flask was then
immersed into an oil bath which was preheated to 140 °C and allowed to stir for 1 hour
followed by draining of the Dean-Stark trap and raising the temperature of the bath to
180 °C. The reaction mixture was allowed to stir for an additional 3 hours and then
allowed to cool to room temperature at which point 50 mL of dilute HCl was added to the
reaction flask. The reaction mixture was then poured into an Erlenmeyer flask containing
100 mL of toluene and resulted in three distinct layers: the bottom aqueous layer, the top
organic layer, and a suspension of crystal-like particles in the middle (product) which
were isolated and dried in vacuo to afford 8.2 g of bis-[4(p-methoxyphenoxy)phenyl]
ketone, 7, (97.5%) with a mp of 200.1 – 200.6 °C. The product was insoluble in all
available deuterated solvents, therefore no NMR spectra were collected.
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Scheme 13: Schematic showing the synthesis of 7.

2.5 Synthesis of bis-[4(p-hydroxyphenoxy)phenyl] ketone, 8
To a 100-mL round-bottomed flask equipped with a Teflon© stir bar, a reflux
condenser, and argon inlet were added 3.7 g (8.7 mmol, 1 eq.) of 7, 20 mL (176 mmol,
20.4 eq.) of 48% wt. HBr, and 200 mL of glacial acetic acid. The flask was then
immersed into an oil bath, which was preheated to 130 °C, and the reaction mixture was
allowed to stir for 4 days – solution turned completely orange in color. Afterwards, 125
mL of DI H2O were slowly added until the solution turned turbid, and the reaction vessel
was allowed to cool to room temperature – at which point crystals began to precipitate.
The crystals were isolated by vacuum filtration, dried in vacuo, and 2.6 g of bis-[4(phydroxyphenoxy)phenyl] ketone, 8 (36.9%) was obtained as a white crystalline solid,
mp 215.5 – 218.5 °C. 1H NMR (DMSO-d6) !: 6.8 (d, ArCH), 6.8-7.0 (m, ArCH), 7.7 (d,
ArCH).
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C NMR (DMSO-d6) !: 115.8 (s, ArCH), 116.4 (s, ArCH), 121.7 (s, ArCH),

131.0 (s, ArCH), 132.0 (s, ArCCO), 146.4 (s, ArCOAr), 154.6 (s, ArCOH), 162.0 (s,
ArCOAr), 193.0 (s, CO).
H3CO
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O
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Scheme 14: Preparation of bis-[4(para-hydroxyphenoxy)phenyl] ketone, 8.
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2.6 Representative procedure for making perfectly alternating s-PAEs
Known literature procedures were slightly modified16,35,37,38,39,40,41,42,43,44,45. To a
two-necked, 25-mL conical flask equipped with a Teflon© stir bar, reflux condenser, and
argon inlet were added 0.54 g (1.25 mmol, 1 eq.) of 6, 0.60 g (1.25 mmol, 1 eq.) of 95%
pure 4 (hygroscopic, contained 5% water by mass), 0.52 g (3.75 mmol, 3 eq.) of K2CO3,
and 3 mL of DMSO. The flask was lowered into an oil bath, preheated to 160 °C, and
the reaction mixture was allowed to stir overnight. An additional 3 mL of DMSO was
added in order to reduce the solution viscosity and to dissolve any un-dissolved product
and reagents clinging to the sides of the reaction vessel, and the reaction mixture
continued stirring for three additional hours. After cooling to room temperature, the
solution was slowly added, via pipette, to a 1:3 H2O:ispropanol solution where long,
swollen strands of polymer precipitated which were allowed to stir in solution for several
hours before being isolated via vacuum filtration and dried in vacuo. A series of four
perfectly alternating sulfonated terpolymers, with repeat units …-A-B-C-B-A-B-C-B-…,
were synthesized and their repeat unit structures may be found in Figures 5-8, below.
Polymer 9: 13C NMR (DMSO-d6) !: 117.5 (s, ArCH), 118.9 (s, ArCH), 121.9 (s, ArCH),
128.1 (s, ArCH), 129.7 (s, ArCH), 134.1 (s, ArCSO2), 134.9 (s, ArCSO2), 138.7 (s,
ArCSO2), 150.5 (s, ArCOAr), 152.5 (ArCOAr), 158.3 (ArCOAr), 161.5 (ArCOAr).
Polymer 11:

13

C NMR (DMSO-d6) !: 110.1 (s, ArCH), 111.1 (s, ArCH), 117.7 (s,

ArCH), 121.7 (s, ArCH), 122.3, (s, ArCH), 124.2 (s, ArCH), 129.9 (s, ArCH), 131.0 (s,
ArCSO2), 139.9 (s, ArCSO2), 143.7 (s, ArCSO2), 149.7 (s, ArCSO3Na), 151.2 (s,
ArCOAr), 151.4 (s, ArCOAr), 159.4 (s, ArCOAr), 161.4 (s, ArCOAr)
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Polymer 12:

13

C NMR (DMSO-d6) !: 109.9 (s, ArCH), 110.6 (s, ArCH), 116.9 (s,

ArCH), 121.8 (s, ArCH), 124.23, (s, ArCH), 127.7 (s, ArCH), 129.8 (s, ArCH), 131.0 (s,
ArCH), 131.8 (s, ArCCO), 132.1, (s, ArCSO2), 139.9 (s, ArCSO2), 144.8 (s, ArCSO3Na),
151.0 (s, ArCOAr), 151.8 (s, ArCOAr), 159.6 (s, ArCOAr), 160.7 (s, ArCOAr), 193.2 (s,
CO).
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Figure 5: Perfectly alternating sulfonated poly(arylene ether) sulfone, 9.
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Figure 6: Perfectly alternating sulfonated poly[arylene ether(ketone-co-sulfone)], 10.
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Figure 7: Perfectly alternating pendant sulfonated poly(arylene ether) sulfone, 11.
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Figure 8: Perfectly alternating pendant sulfonated poly[arylene ether(ketone-co-sulfone)], 12.

2.7 Representative Procedure for Kinetic Model Reactions
To a 2-necked, 25-mL conical flask equipped with Teflon© stir bar, reflux
condenser, and argon inlet were added 0.32 g (1.25 mmol, 1 eq.) of 1, 0.52 g (3.75 mmol,
3 eq.) of K2CO3, 0.27 mL (2.5 mmol, 2 eq.) of 3-methoxyphenol, and 3 mL of DMSO.
The contents of reaction vessel were allowed to stir under an argon atmosphere for 15
minutes. The flask was then immersed into an oil bath, preheated to 100 °C, and allowed
to stir for 5 hours. The progress of the reaction was followed by withdrawing 0.2 mL
aliquots, at specific time intervals, diluting with 2 mL DMSO-d6, and then filtering by
syringe filter into an NMR tube and sealing with NMR tube cap. The aliquots were
analyzed by comparing the ratios of specific peak areas versus the calculated initial
concentrations. An example of a typical kinetic profile for the model reactions is given in
Figure 9.
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Figure 9: Kinetic profile of model reaction between 1 and 3-methoxy-phenol at 100°C.

2.8 Representative Polymerization Competition between Monomers 1 and 4 with
Bisphenolic Derivatives
To a 25-mL, 2-necked conical flask, equipped with Teflon© stir bar, reflux
condenser and argon inlet, were added 0.16 g (0.625 mmol, 0.5 eq.) of 1, 0.29 g (1.25
mmol, 1 eq.) of 3, 0.30 g (0.625 mmol, 0.5 eq.) of 4, 0.52 g (3.76 mmol, 3 eq.) of K2CO3,
and 3 mL of DMSO. The reaction flask was immersed in an oil bath preheated to 140 °C
and the contents were stirred for 8 hours, at which point the temperature was increased to
160 °C and the mixture was stirred for an additional 10 hours (two temperatures were
utilized in order to bond the remaining oligomers together). An additional 3 mL of
DMSO was then added, and reaction continued for one more hour. After cooling to room
temperature, the solution was slowly added, via pipette, to a 1:3 H2O:ispropanol solution
where long, swollen strands of polymer precipitated which were allowed to stir in
solution for several hours before being isolated via vacuum filtration. Two different
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sulfonated terpolymers, with repeat units (AB)x(CB)y, were synthesized and their repeat
unit structures may be found in Figures 10 & 11.
Polymer 13: 13C NMR (DMSO-d6) !: 117.4-117.8 (m, ArCH), 118.5-119.2 (m, ArCH),
121.8-122.4 (m, ArCH), 128.2 (s, ArCH), 129.8 (s, ArCH), 133.8-134.4 (m, ArCSO2),
134.9-135.3 (m, ArCSO2), 138.4-139.0 (m, ArCSO3Na), 150.4-151.4 (m, ArCOAr),
151.8-152.8 (m, ArCOAr), 158.4-158.7 (m, ArCOAr), 161.4-161.7 (m, ArCOAr).
Polymer 14:

13

C NMR (DMSO-d6) !: 117.7 (s, ArCH), 118.9 (s, ArCH), 119.7-119.4

(m, ArCH), 128.1 (s, ArCH), 128.4 (s, ArCH), 133.9 (s, ArCSO2), 135.1 (s, ArCSO2),
138.6-139.0 (m, ArCSO3Na), 145.8-146.2 (m, ArC(CH3)2), 146.7-147.1 (m, ArC(CH3)2),
152.1-152.3 (m, ArCOAr), 153.4-153.7 (m, ArCOAr), 158.4 (s, ArCOAr), 161.4 (s,
ArCOAr).
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Figure 10: Non-perfectly alternating terpolymer created during competition reactions involving monomers 1, 2, and 4. Monomers
were reacted at 80, 120, 140, and 160 °C for 6.5 hours and then an additional12.5 hours at 160 °C.
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Figure 11: Non-perfectly alternating terpolymer created during competition reactions involving monomers 1, 3, and 4. Monomers
were reacted at 100, 120, 140, and 160 °C for 8 hours and then an additional 11 hours at 160 °C.
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2.9 Representative Acidification of Polymers
To a 100-mL beaker equipped with a Teflon© stir bar were added 0.5 g of
polymer (salt form) and 90 mL of DI H2O. The resulting mixture was titrated with HCl
until a pH of 1.75 was reached. The reaction mixture was allowed to stir overnight at
room temperature and then the acidified polymer was isolated by filtration and dried in
vacuo.
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Scheme 15: Acidification of sodiumsulfonate-functionalized terpolymer.
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3 RESULTS AND DISCUSSION

Characterization of monomers and polymers is an important part of a chemist’s
toolkit. Many instruments were utilized to characterize the compounds and polymers
synthesized throughout this research project. The most influential and definitive data sets
came from Nuclear Magnetic Resonance (NMR) spectroscopy and Gel Permeation
Chromatography (GPC) with supporting evidence from Differential Scanning
Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA).

3.1 Synthesis of Monomer 4 by Electrophilic Aromatic Substitution
The mechanism by which monomer 4 was synthesized is thought to occur by
Electrophilic Aromatic Substitution (SEAr)46.

Although it is not often discussed in

modern organic classes, the resonance forms of benzylic halogens play a very important
role in SEAr. In order to explain a halogen’s role in SEAr, it is important to pay heed to
two aspects of the Hammett sigma constant: the discrete field (F) and resonance (R)
substituent constants. These two constants denote the inductive and resonance effects,
respectively, of a given functional group and they may be equated with the sigma
constant via Equation 21:

"k %
log$ x ' = () = fF + rR
# k0 &

(Equation 21)

!
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kx represents the rate coefficient of the substituted benzoic acid derivative; k0 represents
the rate coefficient of benzoic acid; ! denotes how sensitive the system is, and may be
further divided into the summation of f (field effects) and r (resonance) values; and, of
course, " is the Hammett sigma constant, which may also be divided into F and R values
– representing inductive or resonance constants, respectively.
Hammett sigma constants provide an experimental-based avenue to discern the
degree of electron donation or withdrawing by the respective functional groups across a
benzene system. Under this system, a negative sign indicates electron-donating capacity
while a positive sign indicates withdrawing capacity and the number values represent a
logarithmic indication of strength. What is important with respect to SEAr, are the F and
R values for the halogens (Table 4)47.
Substituent
fluoro
chloro
bromo
iodo

!p
+0.062
+0.227
+0.232
+0.180

!m
+0.337
+0.373
+0.391
+0.352

F
+0.708
+0.690
+0.727
+0.672

R
-0.336
-0.161
-0.176
-0.197

Table 4: List of halogens with Hammett sigma constants. Also noted are the inductive and resonance aspects, F & R.

Halogens are electron-withdrawing groups from an inductive point of view
(positive F values), but they are also an electron-donating group from a resonance point
of view (negative R values). Additionally, fluorine has a stronger resonance-donating
component than the other halogens; therefore, making it an excellent ortho- and paradirecting functional group for SEAr reactions.
On the other hand, the phenylsulfonyl functional group is a purely electronwithdrawing functional group with no donation character whatsoever48. Therefore, even
though it may not push electron density to any specific site on a benzene ring, its position
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can encourage a higher electron density in a meta-relative-position because there are no
resonance forms withdrawing density from those positions.
Therefore, if a fluoro-substituent (ortho-directing) is para to a sulfone-substituent
(meta-directing), on the same benzyllic ring, their positions allow for SEAr to occur ortho
to the fluoro-group and meta to the sulfone-group. A clearer picture of the reaction
mechanism may be found in Scheme 16, below.
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Scheme 16: Half of the proposed reaction mechanism for the SEAr of monomer 1 with fuming sulfuric acid to form monomer 4.
Because 1 is a poor nucleophile, SO3 must be activated with sulfuric acid in order to make it a better electrophile.

3.2 Nuclear Magnetic Resonance (NMR) and Monomer Reactivity
In 1995, Kenneth R. Carter ascertained an important correlation – the relationship
between 19F and 13C NMR shifts and aromatic monomer reactivity, with respect to SNAr
reactions48. He was able to show that the ipso carbon peak would shift depending on the
electron density surrounding that particular atom. He noticed that if the ipso carbon was
para to a strong EWG, there would be a large corresponding shift of the NMR peak
downfield (higher ppm values) and if located para to a weaker EWG, there would be a

46

shift upfield (lower ppm values). He then compared this relationship to the relative
reactivity of the respective monomers and discovered a linear relationship – the more
downfield the chemical shift the faster the monomer would react during SNAr reactions.

3.3 A2 Monomer Reactivity
Only two bisphenolic derivatives were investigated during the course of this
thesis project: hydroquinone (2) and bisphenol-A (3). Neither A2 monomer was ever
competed against each other, therefore only a cursory discussion of reactivity will be
presented while no experimental data will be provided. However, some indication of the
nucleophilic strength can be gleaned from the Hammett sigma constants for the phydroxyl, p-methyl, p-ethyl, and p-n-propyl groups which are -0.37, -0.17, -0.15, and
-0.13, respectively49,50. Therefore, hydroquinone should be a more nucleophilic species
than bisphenol-A due to its p-hydroxyl group having a larger electron-donating character
(-0.37) than the p-alkyl groups (-0.13 to -0.17). Additionally, a comparison of 1H and 13C
NMR spectra shows that the hydroxyl hydrogen and the phenolic carbon on
hydroquinone are farther upfield relative to the hydroxyl hydrogen and phenolic carbon
on bisphenol-A (Figures 12 & 13).

This implies greater electron density and

corresponding greater nucleophilicity of the phenolic functional group on hydroquinone.
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Figure 12: A comparison of the 1H NMR spectra of hydroquinone and bisphenol-A.

Figure 13: A comparison of the 13C NMR spectra of hydroquinone and bisphenol-A. Based on this figure, hydroquinone should
be a better nucleophile than bisphenol-A due to a comparison of the chemical shifts between peaks a and c.
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3.4 B2 Monomer Reactivity
It should be stated that all reactions involving monomers 1 and 4 are believed to
follow a second order mechanism such as that proposed in Scheme 8. An experimental
comparison between the un-sulfonated (4,4’-difluoro diphenylsulfone, 1) and the
sulfonated (3,3’-disodiumsulfonate-4,4-difluorodiphenyl sulfone, 4) B2 monomer was
achieved by utilizing the model reactions outlined above (Section 2.7). From the data
profiles obtained, an attempt at calculating rate coefficients was made. Using NMR
spectroscopy to monitor solution concentrations, one can see that as time increases, peaks
associated with the un-substituted species decrease in size. Initially, one sees a growth in
the mono-substituted species, then a gradual decrease, and finally, one sees the disubstituted species grow as time progresses. Two example charts below show the growth
and decline of various peaks (Figures 14 & 15).

Figure 14:

13

C NMR spectra timeline showing the shift of un-reacted 3-methoxyphenol to reacted species.
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Figure 15:

13

C NMR spectra timeline showing the disappearance of un-reacted monomer, the formation then disappearance of the

mono-reacted monomer, and finally the formation of the di-reacted monomer.

Once peak areas were associated with concentration, a kinetic profile plot was created
and the determinations of rate coefficients were attempted.
Unfortunately, using the traditional method of plotting 1/[monomer] versus time
(for 2nd order kinetics) was less than successful because both monomers were difunctionalized and therefore the un-reacted species would compete against the monoreacted species for available 3-methoxyphenol. Attempts were made to exclude portions
of the data containing the un-reacted species and only to focus on calculating the rate
coefficients for the mono-reacted species, but this resulted in non-linear plots and
activation energies about 3-4 times below literature values (~20 kcal/mol).
Further attempts to identify rate coefficients were made using analytical software.
Unfortunately, this proved to be very time consuming and the curves generated were not
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perfectly inline with experimental data points. It is probable that the data would have
been more reliable if more data points had been taken over longer time periods or if
pseudo-first order conditions were attempted.
Therefore, it was decided to make a general comparison of kinetic data, at several
temperatures, allowing general statements to be made about the monomer’s relative
reactivity. Because the reaction conditions were identical, the consumption of the unreacted monomers versus each other should be a good indicator of relative reactivity.
Figure 16 shows a comparison of monomer 1 (non-sulfonated, un-reacted B2, k1) versus
monomer 4 (sulfonated, un-reacted B2’, k3) at 120 °C, and Figure 17 shows a comparison
at 100 °C. It is clear that monomer 1 is consumed much more rapidly, in the temperature
range investigated. Therefore, it may be said that k1 > k3.
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Figure 16: Comparison of the consumption of un-reacted monomer 1 (rate coefficient: k1) versus un-reacted monomer 4 (rate
coefficient: k3) at 120 °C. Notice that 1 is consumed much more rapidly than 4, implying that k1 > k3.
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Figure 17: Comparison of the consumption of un-reacted monomer 1 (rate coefficient: k1) versus un-reacted monomer 4 (rate
coefficient: k3) at 100 °C. Notice that 1 is consumed much more rapidly than 4, implying that k1 > k3.

A similar argument can be made for the mono-substituted monomers. Figures
18 and 19 show that mono-substituted monomer 1 (non-sulfonated, mono-reacted B2, k2)
is consumed more rapidly than mono-substituted monomer 4 (sulfonated, mono-reacted
B2’, k4). It should be obvious then, that k2 > k4.
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Figure 18: Comparison of the consumption of mono-reacted monomer 1 (rate coefficient: k2) versus un-reacted monomer 4 (rate
coefficient: k4) at 120 °C. Notice that 1 is consumed much more rapidly than 4, implying that k2 > k4.

52

!"#$%#&'()"#*+,"-./0*

8"#9:;-<"#(&%4*7%'3;3*:;-<"#(&%4*
<"'*@"#"9'%($&%4*>?*@"#",%'3*(&*
ABB*!*
!"&!!#
!"%!!#
!"$!!#

62.789#12.27/%#

!"!!!#

8-:;9#12.27/%#
!#

(!!!#

$!!!!# $(!!!# %!!!!#

1-(23%4*56,%*+3%$0*

Figure 19: Comparison of the consumption of mono-reacted monomer 1 (rate coefficient: k2) versus un-reacted monomer 4 (rate
coefficient: k4) at 100 °C. Notice that 1 is consumed much more rapidly than 4, implying that k2 > k4.

Additional supporting kinetic profiles may be found in the Appendix.
However, the most quantitative measure of monomer 1 & 4’s reactivity was

13

C

NMR spectra. Again, using Carter’s article48 as a guide, the relative chemical shift of the
ipso carbon should provide an excellent measure of the differing reactivity between the
two monomers. The 13C NMR chemical shift of fluorobenzene is 162.8 ppm; therefore, 1
becomes a better electrophile as its ipso carbon shifts downfield to 165.0 ppm. The only
probable explanation is the activation provided by having a sulfone-phenyl functional
group ("I = +0.52, "R = +0.1448) in the para position. On the other hand, 4 is less
reactive, relative to 1, by way of the ipso carbon’s chemical shift upfield to 161.5 ppm
(Figure 20).
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Figure 20: Comparison of

13

C NMR chemical shifts for monomers 1 & 4. Both peaks “a” and “g” are C-F doublets, split by

approximately 3 ppm.

Initially, this is a confusing point because the only difference between 1 and 4 is a
sodium sulfonate functional group in the ortho position relative to the ipso carbon.
Because the initial step in SNAr is a nucleophilic attack at the electrophilic ipso carbon,
one would think that the ortho-addition of a highly EWG would reduce the ipso carbon’s
electron density even more, thus improving it’s electrophilicity – in effect, one would
think the sulfonated monomer a more reactive monomeric species. However, when one
looks at the possible resonance forms associated with each monomer (Schemes 17 & 18),
it becomes clear that fluoro (R = -0.336) groups may participate in resonance forms by
donation of their valence electrons. The sodium sulfonate group ("p = +0.50) also pulls
electron density towards itself; therefore, the localized electrons surrounding the ipso
carbon are caught in a tug-of-war between the fluoro group and the sodium sulfonate
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group. This results in greater fluoro-carbon double-bond character in the actual electron
density – thus reducing the electrophilicity of the ipso carbon and ultimately reducing its
reactivity concerning SNAr reactions.
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Scheme 17: Resonance structures of 4,4’-difluorodiphenyl sulfone, 1.
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Scheme 18: Resonance structures of 3,3’-disulfo-4,4’-difluorodiphenyl sulfone, 4. Because of the increased number of resonance
forms, this monomer is more stable and therefore less reactive than its un-sulfonated cousin.

Using the

13

C NMR chemical shifts as a guide to compare the rate coefficient

monomer reactivities, one finds that un-reacted monomer 1 (k1) has a shift of 165.0 ppm
while mono-reacted monomer 1 (k2) shifts upfield to 164.7 ppm. Un-reacted monomer 4
(k3) has a chemical shift of 161.5 ppm while mono-reacted monomer 4 (k4) has a
chemical shift of 161.2 ppm. Therefore, because the chemical shifts, reflecting electron
density, are 165.0 ppm > 164.7 ppm > 161.5 ppm > 161.2 ppm, one can say that k1 > k2 >
k3 > k4 for the SNAr reactions that monomers 1 & 4 underwent.
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3.5 How Monomer Reactivity Affects Competition-Terpolymers
Before moving forward, it is important to discuss how competition-based
polymerization systems would proceed using two perspectives: ideal and realistic. The
ideal system will first be discussed for a simplistic illustration and then a more detailed
and realistic system will be discussed to detail out the experimental results observed.

3.5.1 An Ideal Competition-Terpolymerization
Initially, three distinct monomer units exist: the bisphenolic species (monomer 2
or 3), the un-sulfonated monomer (1), and the sulfonated monomer (4) in a 2:1:1 molar
ratio. This molar ratio ensures that numbers of functional groups are equal to each other.
Because monomer 1 is the most reactive B2 monomer (k1 > k3), it will react with its A2
partner first. Now, the molar concentrations for the remaining species would be 1:1:1 for
the bisphenolic monomer, the un-sulfonated dimer, and the sulfonated monomer (Scheme
19).
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Scheme 19: The first step in the copolymerization in an ideal competition-based system. Because k1 is greater than k3, monomer 1
will react with monomer 2 first.
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During the second step, the most reactive species will react again while the less
reactive species loiters in solution. However, the original rate coefficients between B2
monomers are no longer the same – monomer 1 is now a dimer and will have a slightly
depressed reactivity (k1 > k2) due to the deactivation of the sulfone-phenyl substituent by
substitution of an electron-donating group (monomer 2). Still, the dimeric species is
experimentally more reactive than monomer 4 (k2 > k3), and will react with monomer 2
while monomer 4 remains un-reacted (Scheme 20).
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Scheme 20: The second step in an ideal competition-based polymerization. Because k2 is greater than k3, the dimer will react with
monomer 2 while monomer 4 remains untouched.

Finally, because there exists only the trimer and monomer 4 left in solution in a 1to-1 ratio, they will now react with each other to form tetramers, then oligomers, and
finally polymers.

It is important to note, that because the system currently being

discussed is an ideal system, where k1 > k2 >> k3 > k4, a perfectly alternating terpolymer,
of the form …-A-B-A-C-A-B-A-C-… will be synthesized (Schemes 21 & 22).
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Scheme 21: Formation of a tetramer in an ideal competition-based polymerization.
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Scheme 22: Scheme showing the formation of a polymer from the successive reactions of tetramers.

3.5.2 A Non-ideal Competition-Terpolymerization
It is unfortunate that no system behaves ideally – they are much more complicated
than the simplistic system described above for several reasons. First, as was noted in
Section 1.4.4 (Polymer Kinetics) the size of a monomer does not greatly affect the rate
coefficients from that of its dimeric, oligomeric, or polymeric cousins. This translates
into minor differences between the rate coefficients pertaining to monomers 1 and 4. In
other words, the dimeric species will compete directly against its oligomeric, and larger,
counterparts.
Secondly, even if rate coefficients differ greatly, it does not stop opportunity. If
any species (monomer or larger) is in close proximity to any other species (also monomer
or larger) that it may react with, and it has sufficient energy and geometry, those species
will react with each other. Monomers are only “aware” of their immediate surroundings
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and therefore, in actual practice, monomers do not loiter in solution waiting for all faster
species to react first. They react whenever and however possible.
Thirdly, smaller species will more often find themselves in closer proximity to the
reactive ends of larger oligomers than will other larger oligomers due, in part to steric
repulsion effects. This translates into a decreased probability that two larger species will
react with each other. Instead, it becomes more likely that a larger oligomer will react
with smaller species first, just because they are more likely to be near enough to react
with each other.
Therefore, assuming the same initial conditions as above, one shall see that, in a
non-ideal manner, the polymerization propagates in a dramatically different fashion. The
first thing that will happen is that a percentage of monomers 1 and 4 will react with a
monomer 2. This initially results in the formation of two dimers, plus the remaining
monomer units. The molar ratios will be related to the percentage of monomers reacted
relative to the percentage which have not, given a brief, initial period of time. If k1 > k3,
then the percentage of monomer 1 reacted will be greater than the percentage of
monomer 4, in other words the number of moles x (dimer formed from monomer 1) will
be greater than the number of moles y (dimer formed from monomer 4), see Scheme 23
below. Additionally, because a portion of monomers 1, 2, and 4 have been consumed,
the remaining molar counts will be equal to 1-x, 2-x-y, and 1-y, respectively (Scheme 23).
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Scheme 23: A realistic interpretation of the first step in a competition-based polymerization.

These dimers will go on to directly compete against the remaining monomer units
in the second step as well as each other as the race to consume monomer 2 continues.
There are now sixteen different reactions which may take place – greatly complicating
the analysis of this problem (Schemes 24, 25, 26, & 27).
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Scheme 24: All of the reactions that monomer 1 may participate in the second step of a non-ideal competition-terpolymerization.
Products are not shown.
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Scheme 26: All of the reactions that monomer 3 may participate in the second step of a non-ideal competition-terpolymerization.
Products are not shown.
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Products are not shown.
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However, upon reexamining the above reactions, it should be clear that some of
the reactions above are equivalent and one may pare down the total number of reactions.
Because of equivalence, it should be intuitive that monomer X reacts with dimer Y in the
exact same manner that dimer Y would react with monomer X. This statement can be
mathematically expressed as Equations 22, 23, 24, 25, & 26 below, with [Mk] and [Dk]
representing the monomer and dimer, with their respective rate coefficients,
concentrations. Therefore, one may ignore five of the reactions above, because they are
already accounted for.

!
!
!

k12 [M k1 ][Dk2 ] = k21[Dk2 ][M k1 ]

(Equation 22)

k14 [M k1 ][Dk4 ] = k41[Dk4 ][M k1 ]

(Equation 23)

k23 [Dk2 ][M k3 ] = k32 [M k3 ][Dk2 ]

(Equation 24)

k24 [Dk2 ][Dk4 ] = k42 [Dk4 ][Dk2 ]

(Equation 25)

k34 [M k3 ][Dk4 ] = k43 [Dk4 ][M k3 ]

(Equation 26)

!

Although the number of reactions has been reduced to 11, there is still the

!

possibility of simplifying this system. One of the most important assumptions made in
Section 1.4.4 (Copolymer Kinetics), was that the rate coefficients of dimers, trimers,
oligomers, and polymers were equivalent. In other words, one can reduce the number of
reactions above by stating that the rate coefficients k2, k12, and k22 (most reactions
involving the k2 dimer) are equivalent. Additionally, it is permissible to state that the rate
coefficients k3 and k23 (most reactions involving k3) are equivalent; as well as k4, k14, k24,
k34, and k44 (all reactions involving the k4 dimer) are also equivalent.
Treatment of all of the equivalent reactions must now be accomplished through
averaging and utilization of the number average repeat unit ( X n ). This allows us to
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!

compress all of the reactions possible into four major reactions with four major products.
Consolidation of all these rate coefficients also reduces the total number of rate
coefficients to four – the original rate coefficients: k1, k2, k3, and k4. Therefore, after a
short time period has passed, and all of monomer 2 has been consumed, one is left with a
picture much like that illustrated in Scheme 28. Because k1 > k2 >> k3 > k4, there remain
only two types of dimers and two types of oligomers left in solution: the four unsulfonated and sulfonated species. If one treats the dimers as oligomers, then oligomeric
species will have average repeat units equal to the number of times they have reacted
with other similar species and they may been represented by the average number of
repeat unit variables u (for un-sulfonated) and s (for sulfonated). Because k1 > k2 >> k3
> k4, it should be obvious that u > s.
!

!
! !

Scheme 28: After all of monomer 2 has been consumed, only two generic oligomers remain: the un-sulfonated and the sulfonated
species.
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Finally, the remaining oligomers will react with each other to form a terpolymer.
As can be seen from Scheme 29, the terpolymer has a certain degree of order and a
certain degree of disorder based upon the average degree of polymerization of its
oligomeric-building blocks.

Scheme 29: A schematic showing the formation of a competition-terpolymer.

3.6 Competition-Terpolymers Discussion
It is now appropriate to talk about the previously discussed (Section 1.4.5)
copolymer reactivity ratios. Historically, reactivity ratios have been applied to chaingrowth copolymerization systems involving only two monomers; however, the principles
behind them may be applied to a step-growth competition-terpolymerization system as
well. Because the system investigated during this thesis has four rate coefficients, the
ratio of those coefficients should equate well to the degree of order or disorder along the
terpolymer’s backbone.
Unlike chain-growth copolymerization systems where there exist two reactivity
ratios, step-growth terpolymerization systems will have six reactivity ratios. Concerning
the competition-terpolymerization system dealt with in this thesis, the rate coefficients
have been designated as k1, k2, k3, and k4 for the formation of un-sulfonated and
sulfonated oligomers, respectively. Therefore, the reactivity ratios r12, r13, r14, r23, r24,
and r34 for this system may be defined as:
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r12 =

k1
k2

(Equation 27)

r13 =

k1
k3

(Equation 28)

r14 =

k1
k4

(Equation 29)

r23 =

k2
k3

(Equation 30)

r24 =

k2
k4

(Equation 31)

r34 =

k3
k4

(Equation 32)

!

!

!

!

!

If r14 > r13 > r12 > r24 > r23 > r34, and all are equal to very large, positive numbers

!

(>>1), then the reactivity ratios will be representative of a perfectly alternating system.
However, as with chain-growth, if all reactivity ratios equal to one it will indicate a
perfectly random system. If r14, r13, r12, r24, r23, r34 > 1, but not too big, then the
terpolymeric system approaches a statistical composition equal to the ratios of the rate
coefficients. If 1 > r14 > r13 > r12 > r24 > r23 > r34 > 0, the polymeric system approaches a
block copolymer which should look similar to …-A-B-A-B-C-B-C-B-… Finally, if r14 #
r13 # r12 # r24 ! r23 ! r34 # 0, then only dimers will be formed.
Now that a mathematical system has been setup to describe the configuration of a
competition-terpolymerization system, the obvious question becomes whether or not the
chemist can manipulate the system to achieve the desired degree of order within a
terpolymeric system. The answer, of course, is yes. Because rate coefficients may be
represented as a function of temperature, k(T) (Equation 7), conducting polymerization
reactions at various temperatures should elicit varying rate coefficients which would
66

ultimately allow one to manipulate r12, r13, r14, r23, r24, and r34. If one can manipulate the
reactivity ratios, then one can manipulate the degree of order within a terpolymer.

3.6.1 How to Determine the Degree of Order for a Terpolymer
One of the most difficult things for a polymer chemist to determine, while dealing
with terpolymers, is the degree of order of the constituent parts. However, there are at
least two possible probes:
spectroscopy.

Differential Scanning Calorimetry (DSC) and NMR

As noted before (Section 1.1.3, Linear Polymers), the thermal and

mechanical properties of a polymer depend upon the way in which the monomer units are
covalently bonded to each other11. Although originally proven with a homopolymer, this
principle should hold true for a terpolymeric system as well. A random terpolymer
should have vastly different thermal properties than a perfectly alternating terpolymer
due to the difference in their monomer distributions. NMR spectroscopy is an additional
tool that may be utilized to discern whether a terpolymeric system has a random or
regular configuration.

However, NMR spectroscopy has one big limitation – the

monomeric units must be able to electronically influence each other. This translates into
two main concepts: there must be a certain amount of conjugation present and the
monomeric units must not be too many atoms away from each other.
The first concept, conjugation, plays an important role because NMR chemical
shifts are directly related to the electron density surrounding the atoms, and electron
density can easily be influenced by the units to which an atom is conjugated, through
resonance. The second concept, distance, deals with the same general principle, but
refers to inductive instead of resonance influences.
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If atoms are close enough to

inductively influence each other, then those perturbations may be detected by NMR
spectroscopy.
With respect to NMR spectroscopy, it should be stated that there are many
terpolymeric systems that will not be characterizable for the reasons listed above.
However, if a terpolymer can be characterized, and if peak sensitivity is the same for all
peaks, a ratio of the perfectly static polymeric-peaks versus the perfectly alternating
polymeric-peaks would mathematically express the degree of order (Equation 33).
Degree of Order =

Peak Area Static
Peak Area Alternating

(Equation 33)

The Peak Areastatic is representative by the number average repeat units ( x ) of the non!

alternating oligomer (…-A-B-A-B-…) and Peak AreaAlternating is representative of the
!
number of moles of perfectly alternating linkages (…-A-B-C-B-A-B-C-…). Therefore,

one can rewrite Equation 33:

Degree of Order =

x

(Equation 34)

molalternating

And, because the number average repeat unit is equal to the moles of perfectly static

!

linkages, one may substitute one for the other:
Degree of Order =

molstatic
molalternating

(Equation 35)

Therefore, the Degree of Order may be summarized as follows: 1 stands for
!

perfectly random, 0 equates to perfectly alternating, between 0 and 1 represents more
alternating portions than static portions, and values above 1 represent more static portions
than alternating portions.
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3.6.2 Thermal Properties of Bisphenol-A Competition-Terpolymers
All thermal properties were determined by observing the acidic form of the
terpolymer. With respect to TGA analysis (Figure 21), the bisphenol-A competitionterpolymers seemed to have similar thermal degradation (Td5%) temperatures for the
sulfonic acid groups – approximately 268 °C (Table 5). This evidence implies that
regardless of polymeric order, desulfonation occurs at the same temperature.
Fortunately, DSC provided some insight, although it was limited due to poor Tg
resolution (Figure 22). Based on the data available, it appears that the terpolymers
synthesized at higher temperatures had a higher glass transition temperature than those
synthesized at lower temperatures. This could be an indicator that the degree of order has
been changed and is manifested via Tg’s.
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Figure 21: TGA comparison of the acid forms of bisphenol-A terpolymers synthesized at various temperatures. 14a-d were
synthesized at 160, 140/160, 120/160, and 100/160 °C, respectively.
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Figure 22: DSC comparison of the acid forms of bisphenol-A terpolymers synthesized at various temperatures. 14a-d were
synthesized at 160, 140/160, 120/160, and 100/160 °C, respectively.

Table 5: Chart comparing thermal properties with differing synthesis temperatures for terpolymers 14a-d.

3.6.3 NMR Spectra of Bisphenol-A Competition Terpolymers
All

13

C NMR spectra acquired were done so utilizing an inverse-gated method,

which allowed integrated peak area values to be directly compared to each other. All of
the NMR spectra pertaining to the four bisphenol-A competition terpolymers synthesized
appeared to be identical, much like those of their hydroquinone cousins below (Figures
23, 24, & 25). Secondary peaks denoting static character do show up on all of these
systems, but always too close to the parent alternating peak (~0.2 or less ppm) for proper
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integrations. It is likely that a higher field NMR instrument, with better resolution, would
be able to better separate these peaks and offer clarity on their respective peak areas.
Peak identification is available in the Appendix.

Figure 23: Aliphatic region of bisphenol-A competition-terpolymers. There is no splitting of the observed peaks.
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Figure 24: Aromatic region of bisphenol-A competition-terpolymers. Notice how the split peaks around 119, 120, 134, and 139 ppm
are too close to be integrated separately.

Figure 25: Aromatic region of bisphenol-A competition-terpolymers. Split peaks at 146, 147, and 154 ppm are too close to be
properly integrated.
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3.6.4 Thermal Properties of Hydroquinone Competition-Terpolymers
As with its bisphenol-A competition-terpolymer cousin above, the hydroquinone
competition-terpolymer’s thermal stability also appears to be the same, regardless of the
degree of order pertaining to the terpolymer.

Td5%’s were identified as being

approximately 296 °C (Figure 26, Table 6) – this temperature is reflective of
desulfonation values.
Unfortunately, DSC results showed that either the Tg was too poorly resolved or
that Tg was above Td5% (Figure 27, Table 6).
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Figure 26: TGA comparison of the acid forms of hydroquinone terpolymers synthesized at various temperatures. Terpolymer 9 was
the standard, perfectly alternating terpolymer synthesized at 160 °C. Polymers 13a-c were synthesized at 160, 140/160 and 120/160
°C, respectively.
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Figure 27: DSC comparison of the acid forms of hydroquinone terpolymers synthesized at various temperatures. Notice that DSC
spectra do not show a slope change indicative of Tg. Terpolymer 9 was the standard, perfectly alternating terpolymer synthesized at
160 °C. Polymers 13a-c were synthesized at 160, 140/160 and 120/160 °C, respectively.

Table 6: Chart comparing thermal properties with differing synthesis temperatures for terpolymers 13a-c & 9.

3.6.5 NMR Spectra of Hydroquinone Competition-Terpolymers
To date, the best supporting evidence for a more ordered terpolymeric system at
lower initial temperatures and a less ordered system at higher initial temperatures has
been with a comparison of the hydroquinone derivative system. Because hydroquinone
is the A2 monomer that links the competitive B2 and B2’ species, it has certain advantages
over bisphenol-A: it is smaller in size, and fully conjugated. This allows one to use
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NMR spectroscopy to compare peak area of perfectly static segments versus perfectly
alternating segments.
Before one can compare spectra, one must carefully choose a pair of peaks such
that they are able to be distinguished, depending on if they are arranged statically or
alternating. Peaks d (161.6 ppm, for monomer 1, non-sulfonated) and h (158.3 ppm, for
monomer 4, sulfonated) were chosen to be representative of their respective monomeric
peaks (Figure 28) because they are the ipso carbon peaks, and are best able to be split
depending on what other species is on the opposite side of the hydroquinone linkage.
Additionally, they are far enough downfield such that overlap with neighboring peaks is
unlikely.

Figure 28:

13

C NMR spectra of perfectly alternating terpolymer 9 with peak assignments. All peaks are singlets and their carbon

counts are designated in parentheses.
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When the terpolymer is assembled such that static pieces are covalently bound to
each other, one sees a shift in some of the peaks. Peak d shifts upfield from 161.6 to
161.3 ppm while peak h shifts downfield from 158.3 to 158.6 ppm. This shift results in
perceptible differences in the pair of peaks resulting in four separately spaced and
integratable peaks.
As one can see from the figures below, the ratio of the peaks is what is important
and changes according to the initial reaction temperatures – the higher the initial
temperatures the larger the static segments, the lower the initial temperature the smaller
the static segments, relative to the perfectly alternating segments (Figures 29 & 30,
Table 7).
2&1&#%!&3&

!"#$%#&

!"#'('&

-./0&1&#",*'!&

!"!)*+&

!"##),&

-./0&1&#",$*%&

!",**,&

!"(!!!&

-./0&1&#"#+**&

!"#),(&

!"#)(!&

-./0&1&#"!!(%&

!"(,!,&

!"!!!!&

-./0&1&!&

2&1&#$!&3&

2&1&#,!&3&

2&1&'!&3&
2&1&#%!&34&526&

Figure 29:

13

C NMR spectra profile showing the relative decreasing of the static peak d (161.3 ppm) relative to alternating peak d

(161.6 ppm) for terpolymers 13a, b, c, d, & 9.
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Figure 30:

13

C NMR spectra profile showing the relative decreasing of the static peak h (158.3 ppm) relative to alternating peak h

(158.6 ppm) for terpolymers 13a, b, c, d, & 9.

Table 7: Table showing the empirical data quantifying peak areas of the ipso carbons for terpolymers 13a, b, c, d, & 9.

A graph of the peak ratios versus temperature has been prepared to make the data
more pronounced and easier to read (Figure 31).

Again, note how by controlling

temperature one is able to control the degree of order associated with terpolymers 14a-d.
It is also interesting to note that the degree of disorder associated with the sulfonated
species is noticeably less than those of the non-sulfonated monomeric units – exactly as
predicted in Section 3.5.2 ( u > s ). This is a direct reflection of the differences in rate
coefficients and further proof that k1 > k2 >> k3 > k4.
!
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Figure 31: Graphical representation of the degree of order versus temperature for terpolymers 13a-d. The blue line represents the
ratio of static to alternating sulfonated monomer repeat units, while the red line represents the ratio for non-sulfonated monomer repeat
units.

3.7 Problems and Proposed Solutions for Future Research
The most pronounced and difficult problem encountered during this process has
been the fact that a small portion of hydroquinone will oxidize, under basic conditions,
to benzoquinone. This had the unfortunate side effect of throwing off molar ratios, taking
them from 2:1:1 to some number less than 2:1:1.

In order to circumvent this, an

additional 5% of hydroquinone was added to all appropriate reactions. For future
research, it is proposed that the bisphenol (or nucleophilic) reagents have much higher
stability in the basic environment.
It is also proposed that all future A2 monomers be small and fully conjugated. If
not, it is likely to result in difficulty resolving

13

C NMR spectra much as those

encountered with the bisphenol-A terpolymers investigated during this thesis.
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In order to better discriminate between dimer formation and static oligomer
formation future B2 and B2’ monomers will require a more pronounced difference in their
rate coefficients. Therefore, it is recommended that B2 functional groups, once monoreacted, have a greater influence on the remaining un-reacted functional group. Perhaps
geometric isomers of the monomers attempted here, where both fluoro functional groups
are located on the same aromatic ring such as with 3-sodiumsulfonate-3’,5’difluorophenyl sulfone, would be a good choice.
Although 13C NMR is an efficient way of determining relative reactivity, it is also
proposed that a more in-depth kinetic study be conducted with respect to future
endeavors. This would greatly enhance one’s ability to choose appropriate temperatures
with which to form perfectly alternating terpolymers.
Finally, polymer films should be created with all polymers prior to testing
physical properties with instruments such as TGA and DSC. This would allow for
greater amounts of the polymer to be tested, and result in clearer thermal properties.
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4 CONCLUSION

The one-pot synthesis of compositionally identical sulfonated terpolymers, with
differing degrees of order, was achieved using temperature to control the degree of order
with respect to monomer assembly.

Competition-terpolymeric systems shows a

promising way of synthesizing perfectly alternating polymers in one pot without the need
to synthesize a series of costly, time-intensive monomers to react at a later time. By
controlling the monomer assembly, one should be able to control the physical properties,
and thus tailor the micro-channel formation characteristics of terpolymers for use in
PEMFCs.
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6 APPENDIX

Figure 32: GPC overlay of bisphenol-A competition-terpolymers (14) at various temperatures. Note how the number average
molecular weight (Mn) is almost identical for all the terpolymers.
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Figure 33: GPC overlay of hydroquinone competition-terpolymers (13) and the model terpolymer (9) at various temperatures. Note
how the number average molecular weight (Mn) is not as identical for all the competition-terpolymers. This is because of the sidereactions that hydroquinone participates in, thus reducing its concentration in solution.
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Figure 34: Un-reacted monomer 1 is consumed more rapidly at higher temperatures during model reactions.
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Figure 35: Mono-reacted monomer 1 is consumed more rapidly at higher temperatures during model reactions.
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Figure 36: Un-reacted monomer 4 is consumed more rapidly at higher temperatures during model reactions.
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Figure 37: Mono-reacted monomer 4 is consumed more rapidly at higher temperatures during model reactions.
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